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Abstract
In this work we examine and extend the proposal of reference [1], concerning the
new interpretation on the Unruh effect. The vacuum processes in Minkowski and
Rindler space are described in detail, in connection with the observers perspective.
We highlight the presence of antiparticles in the radiation, which is perhaps the
main observation in the cited reference. The quest for the Unruh radiation could
be expanded by considering the possibility of detecting the antiparticles in it. A
proposal for the experimental confirmation of the antiparticles in the radiation is
presented.
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1
1 Introduction
Recently it has been proposed a new way for visualizing the vacuum processes that
take place in the Rindler wedge [1]. These processes lead to the Unruh effect [2–4].
The main prediction of [1] is that the Unruh radiation is made of real particles but
also real antiparticles. New lines for the experimental confirmation of the effect based
on the presence of antiparticles in the radiation might be open.
In this work we extend the ideas presented in [1]. We expand some of the
concepts and we present a detailed description of the perspective of the Minkowski
and Rindler observer, about the vacuum processes. We pay special attention to the
relation between the quantum field theory (QFT) quantization and the world line
formalism in Rindler space. In addition a discussion about the experimental detec-
tion of the antiparticles in the radiation is presented.
One of the main predictions in modern physics is perhaps the Hawking radiation
[5, 6]. Despite, inspiring remarkable ideas, as the holographic principle [7, 8] and
AdS/CFT [9–11], it lacks of experimental confirmation. Moreover, it has generated
several issues, the most famous is the information paradox [12–14]. In the quest
of the origin of the Hawking radiation and a solution for some of these paradoxes
several interpretations have came up, some time generating even worse paradoxes,
[15–21]. Unfortunately, the problems remain unsolved and the quest still goes on.
In principle, there could be a possibility of cracking these problems, or at least
learn more about them, by studying an easier but conceptually similar phenomenon,
the Unruh effect [2–4]. This effect is intimately related to the Hawking radiation but
the processes that lead to it take place in a flat space, where gravity does not play
any role.
A Rindler observer (a non-inertial observer in Minkowski space having a proper
constant acceleration) [22], measures a vacuum energy ERvac, given by the Plank
distribution with a temperature T = ~a
2pick
, proportional to the acceleration a, from
now on we set ~ = a = c = k = 1. In contrast, a Minkowski observer (an inertial
observer with constant velocity), measures a vanishing EMvac = 0, vacuum energy.
The experimental confirmation of this effect, or in other words, of the Unruh
radiation, despite there is not gravity involved, could shed some light onto the origin
of the Hawking radiation. There are several proposal for detecting this radiation,
the most popular is the Unruh-DeWitt detector [4, 23]. Unfortunately, neither by
means of this detector nor by any other means the Unruh effect has been detected.
In fact, nowadays, there is a controversy around the origin of the particles in the
radiation. Certainly, this effect has not been fully understood yet, see, for a review
on this topic [24] and references therein.
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In [1] a new interpretation to the Unruh effect was presented. This does not
contradict the one proposed by Unruh [4], it is somehow complementary to it. The
new interpretation highlights the presence of antiparticles in the radiation, and it
was first reported in [1].
To extend the ideas of this reference here, we will review the quantization of
the massless free scalar field in Rindler space using different boundary conditions to
the ordinary ones in the canonical quatization, as presented in [1]. The difference
with the canonical quantization, where the initial value of the field operator and its
conjugate momentum are specified, is that the field theory is quantized imposing
initial and final conditions at the space-like slices of Rindler space that intersect the
points were the acceleration is turned on and off.
We exploit the world line path integral representation of the propagator and
the Schro¨dinger kernel. By using them in this quantization scheme, i.e., with the
boundary conditions we are using, we can trace the particles running in loops in
spacetime with a Lorentzian metric. These loops give rise to the processes that
contribute to the vacuum energy. It turns out that from the Rindler perspective
some of these loops look as open paths. Precisely, these Rindler observer dependent
open paths are the ones that contribute to the thermal radiation. In addition one
can see that some of the open paths run backward in time, thus, according to QFT
this paths represent antiparticles.
As an antiparticle annihilates with its particle counterpart, we believe that by
using this fact there would be more chance of confirming the presence of antiparticles
in the Unruh radiation than the particles in it.
The paper is organized as follows. In section 2 we describe the vacuum processes
within QFT and the world line formalism. We also collect some of the ingredients
that we use throughout the paper. A brief description of Rindler space is presented.
Section 3 is devoted to introduce the view of the Minkowski and Rindler observer,
and what would be their interpretation of the vacuum processes. We present a
picture which makes more clear the visualization of the reality that each observer
experiences. In the end we explain how particles and antiparticles are perceived by
them. In section 4 we present a review of the vacuum energy calculation from the
Rindler perspective presented in [1]. Experimental detection is discussed in section
5, emphasizing the presence of the antiparticles and its role in the detention of the
Unruh radiation. We also schematically present a possible experiment to detect
the antiparticles in the radiation. After conclusion, appendix A, explaining the
quantization in Minkowski and Rindler space, and an alternative derivation of the
vacuum energy using the Schro¨dinger kernel, is presented.
3
2 Vacuum processes
In this section we describe the vacuum processes in a free QFT that contribute
to the vacuum energy. In a non-interacting theory it is usually assumed that the
only processes that contribute to the vacuum energy are the particles moving in
loops as in Fig.1. These processes take place in Minkowski space and they are a
collection of events that are independent of any observer (coordinate system). We
would like to stress that each of the loops represented in Fig.1 is a representative
of the infinitely many loops passing by some given points in spacetime (as they are
treated in the world line formalism) and they do not represent the classical picture
of several particles moving in loops.
Figure 1. Representation of the infinitely many loops in Minkowski space that contribute
to the vacuum energy. They are independent to any observer.
In QFT the vacuum energy can be written in terms of the one loop partition
function. However, the worldline path integral representation of the vacuum energy
provides a more clear picture of the vacuum processes. In this formalism the quantum
particles can be interpreted as moving over a collection of paths [25–29].
For example, the generating functionalW
[
J
]
for a massless scalar field in Minkowski
space (with no boundaries) is given by
W
[
J
]
= −TrLog() + i
∫
ddy1
∫
ddy2J(y2)()−1y2y1J(y1). (2.1)
For a massless free scalar field theory each term in (2.1) can be represented as a
world line path integral [30], as
− TrLog() = 1
2
∫ ∞
0
ds
s
∫
PBC
Dxµ(τ)exp
[
i
1
4s
∫ 1
0
dτ x˙2(τ)
]
, (2.2)
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and
− i()−1x2x1 =
∫ ∞
0
ds
∫ x(1)=x2
x(0)=x1
Dxµ(τ)exp
[
i
1
4s
∫ 1
0
dτ x˙2(τ)
]
, (2.3)
respectively, where the functional integration for the first term is over all loops in
Minkowski space and PBC stands for periodic boundary conditions. While for the
second term the functional integration is over all paths starting at x1 and ending at
x2, also in Minkowski space, and
x˙2(τ) = (x˙0(τ))2 − (x˙1(τ))2 − (x˙2(τ))2 − (x˙3(τ))2. (2.4)
Expression (2.2) and (2.3) provide us with a geometrical view of the quantum pro-
cesses in Minkowski space, [25].
The one loop partition function W
[
0] = −TrLog(), is proportional to the
vacuum energy Evac, see, for instance, the discussion in p. 220 of [31], and section 3.
When a classical background, say J interacts with the field then the energy of the
system, in this case W
[
J
]
, will have two contributions as in (2.1). One contribution
coming from the loops (2.2) and one coming form the open path (2.3).
If the space has boundaries or horizons (and no classical background interacts
with the field) the one loop partition function takes the form
W
[
φb] = −TrLog() + i
∫
dd−1σ
√
hφb(σ)nˆ
µ∂µφcl
∣∣
boundary
. (2.5)
Here, the Tr is taken over the functions with vanishing boundary conditions, σ, and√
h are coordinates and the measure associated to the induce metric on the boundary,
respectively, nˆµ∂µ, is the normal derivative at the boundary and φcl, satisfies
φcl = 0 ; φcl
∣∣
boundary
= φb. (2.6)
For Rindler space, for example, where there are two horizons, one at past infinity
and the other at future infinity, in the Rindler time, we will have to specify two
boundaries values in order to fully determine (2.5). More generically if the Rindler
system is bounded by two space-like slices τi and τf , (2.5) will have the form
W
[
φi, φf ] = −TrLog(R) + i
∫
dd−1y
√
h
(
φf (y¯)∂τφcl(τ, y¯)
∣∣
τf
− φi(y¯)∂τφcl(τ, y¯)
∣∣
τi
)
.
(2.7)
For this case Rφcl = 0, with the Laplacian R, in Rindler space and boundary
conditions
φcl
∣∣
τi
= φi,
φcl
∣∣
τf
= φf . (2.8)
As mentioned the energy of the system is given by W
[
φi, φf ],
ERvac ∝ W
[
φi, φf ], (2.9)
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and it will have two contributions. One coming form the loops inside τi < τ < τf , and
a second one coming from the open path starting and ending at the boundaries1. This
picture, that will be clarified in the subsequent sections, resembles the holography
setup. In principle2 one could use the same techniques as in holography [10, 11], say
compute the kernel (Green function) solving φcl = 0 with the boundary conditions
(2.8), explicitly compute W
[
φi, φf ] and then relate the result with (2.2) and (2.3).
In this paper however, we will use the operator formalism to compute ERvac, hence
W
[
φi, φf ].
2.1 Rindler space
In this section we present a brief description of Rindler space [22], MR. It is defined
as the wedge |x0| = x1, in a two-dimensional Minkowski space. It can be extended
to higher dimensions. In four dimensions, the MR metric can be written as
ds2 = e2ξ(−dτ 2 + dξ2) + (dx2)2 + (dx3)2, (2.10)
or
ds2 = −ρ2dτ 2 + dρ2 + (dx2)2 + (dx3)2. (2.11)
They are related to the flat metric
ds2 = −(dx0)2 + (dx1)2 + (dx2)2 + (dx3)2, (2.12)
by the coordinate transformations
x0(τ, ρ) = eξ sinh(τ) = ρ sinh(τ),
x1(τ, ρ) = eξ cosh(τ) = ρ cosh(τ). (2.13)
The foliation of the Rindler wedge can be obtained as follows. We can start with
(2.13) and eliminate the τ dependence, i.e.,(
x1(τ, ρ)
)2 − (x0(τ, ρ))2 = ρ2. (2.14)
It means that each constant ρ represents a hyperbola. On the other hand, eliminating
the ρ dependence,
x0(τ, ρ) = tanh(τ)x1(τ, ρ), (2.15)
we see that each constant τ represents a straight line passing through the origin.
Notice that when τ → ±∞, x0 = ±x1, which are the Rindler horizons. The Rindler
slicing are represented in Fig.2.
1The boundary values of the field would play the role of the source J .
2We will leave this calculation for a different paper since the kernels involve in the solution of
the problem Rφcl = 0, with boundary conditions (2.8) deserve more attention on their own right.
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τ=∞
τ=-∞
τi
τf
ρ1ρ2
2 4 6 8 10 12
x1
-10
-5
5
10
x0
Figure 2. Rindler slicing, τ = −∞ < τi < τf < τ =∞, and ρ1 < ρ2 .
3 Observers perspective
In order to create a picture of how each observer “sees” the vacuum processes, we
will present a detailed description of them based on the world line path integral
formulation of QFT. Let us start asking, how a Minkowski observer would compute
the vacuum energy using the world line formalism. This observer will consider all
the loops in Minkowski space, Fig.3, with x0i → −∞ and x0f → +∞.
x
0
f
x
0
i
-6 -4 -2 2 4 6 8
x
1
-6
-4
-2
2
4
6
x
0
Figure 3. Representation of the inertial observer perspective of the infinitely many loops
in Minkowski space relevant to the vacuum energy calculation. The arrows represent the
flow of time in the loop.
For establishing the relation between the loops and the vacuum energy EMvac =
EM0 in Minkowski space, we will work with a massless non-interacting scalar QFT,
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see appendix A. The vacuum energy is given by
EM0 =
1
2
δ3(0)
∫ ∞
−∞
d3p |p¯2|, (3.1)
where |p¯2| =
√
p21 + p
2
2 + p
2
3. Using
δ3(k) =
1
(2pi)3
∫ ∞
−∞
d3x eik·x, (3.2)
which leads to
δ3(0) =
1
(2pi)3
∫ ∞
−∞
d3x =
V3
(2pi)3
, (3.3)
we can express the vacuum energy as
EM0 =
1
2
V3
∫ ∞
−∞
d3p
(2pi)3
|p¯2|. (3.4)
Now we can use the regularized integral
i
∫ ∞
0
ds
s
∫ ∞
−∞
dp0
2pi
eisp
2
= |p¯2| ; p2 = −p20 + |p¯2|, (3.5)
to rewrite EM0 as
EM0 = i
1
2
V3
∫ ∞
0
ds
s
∫ ∞
−∞
d4p
(2pi)4
eisp
2
. (3.6)
Using the identity∫ ∞
−∞
d4p
(2pi)4
eisp
2
=
1
V4
∫
PBC
Dx(τ)Dp(τ)e
[
−i ∫ 10 dτ(pµ(τ)x˙µ(τ)−sηµνpµ(τ)pν(τ))], (3.7)
which can be easily derived [32] by integrating in x(τ), and then integrating the right
hand side in p(τ) we get the path integral representation of the vacuum energy.
EM0 = i
1
2
1
V1
∫ ∞
0
ds
s
∫
PBC
Dx(τ)e
[
−i 1
4s
∫ 1
0 dτ ηµν x˙
µ(τ)x˙ν(τ)
]
, V1 =
∫ ∞
−∞
dx0, (3.8)
with ηµν = (−1, 1, 1, 1). Having shown that the vacuum energy is related to the
loop integration in the world line path integral, it is worth to remark that when
sufficient care is taken [25] the path integration can be performed over all the loops
in Minkowski space.
A Rindler observer would proceed in a similar way. The perspective of this
observer is restricted to the wedge. Then, according to the prescription that only
the loops will contribute to the vacuum energy ER0 , this observer will regard all the
loops in MR.
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Now, we shall present the details of what would be the (naive) calculation of
ERvac = E
R
0 , from the Rindler observer point of view. A Rindler observe will use the
expression
ER0 = i
1
2
1
V1
∫ ∞
0
ds
s
∫
PBC
Dy(σ)
√
−g(y(σ))e
[
−i 1
4s
∫ 1
0 dσ gµν(y(σ))y˙
µ(σ)y˙ν(σ)
]
(3.9)
= i
1
2
1
V1
∫ ∞
0
ds
s
∫
d4y
√
−g(y)gττ (y)K(y, y, s), (3.10)
in analogy with the Minkowski observer, where yµ = (τ, ρ, x2, x3), σ is the proper
time, K(y, y′, s) is the Schro¨dinger kernel that satisfies the equation3
i∂sK(y, y
′, s) = −1
2
yK(y, y′, s), (3.11)
and for this discussion we will take the metric (2.11).
The Rindler wedge does not cover the whole Minkowski space, so the path inte-
gral (3.9) is over all the loops inside the Rindler wedge, which is all the space this
observer experiences. Solving (3.9) is a difficult task. However, we can take advan-
tage of the fact that equation (3.11) can be easily solved. Similarly to the Minkowski
calculation in appendix A, regarding all the loops in Rindler space translates into
the only boundary condition K(y, y′, s)
∣∣
s→±∞ = 0. The Schro¨dinger kernel can be
expressed as
K(y, y′, s) =
∑
n
χn(y)χ
∗
n(y
′)eiλn
s
2 , (3.12)
where χn(y) are the normalised eigenfunctions and λn are the eigenvalues of the
operator −1
2
. For Rindler space we have,
K(y, y′, s) =
∫ ∞
−∞
dν0
2pi
∫ ∞
0
dν
∫ ∞
−∞
d2k
(2pi)2
eiν0(τ−τ
′)ψν,k¯(ρ)ψν,k¯(ρ
′)eik¯·(x¯−x¯
′)ei(−ν
2
0+ν
2) s
2 .
(3.13)
The details and some properties of the functions ψν,k¯(ρ) can be found in the next
section as well as in appendix A.
Plugging the kernel in (3.10) yields to
ER0 = i
1
2
V3
V1
δ(0)
∫ ∞
0
ds
s
∫ ∞
−∞
dν0
2pi
∫ ∞
0
dν
∫ ∞
−∞
d2k
(2pi)2
ei(−ν
2
0+ν
2) s
2 , (3.14)
where δ(0) comes from the ρ integration. Using (3.5) and δ(0) = V1
2pi
we get
ER0 = V
R
3
∫ ∞
−∞
d2k
(2pi)2
∫ ∞
0
dν
2pi
ν =
1
2
δ(0)3
∫ ∞
−∞
d2k
∫ ∞
0
dνν, (3.15)
3Usually for this kind of manipulations one uses the Wick rotated version of the Schro¨dinger
kernel which is the heat kernel. This is to ensure the convergence of the integrals involved in the
calculations.
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where V R3 =
1
2
V3 is the volume of Rindler space.
We have computed the vacuum energy in the Rindler wedge and we have not
obtained the thermal distribution as expected for the Unruh effect. What is wrong
in the previous calculation? In fact, there is nothing wrong, what happens is that
this (naive) calculation is incomplete because of there are contributions that we are
not taking into account. In other words, the Schro¨dinger kernel must satisfy further
boundary conditions. In appendix A we derive the proper Schro¨dinger kernel in
Rindler space. In what follows, however, we want to proceed in a more intuitive
fashion. We would like to see wether the vacuum energy in Rindler space really
contains other contributions coming from the open paths, as stated in the discussion
involving equation (2.7), i.e., could it be the case that
ERvac = E
R
(open paths) + E
R
0 ? (3.16)
To visualize the missing contributions we will proceed as follows. We will add
to Fig.3 the Rindler horizons and an initial and final space-like slices in MR, as in
Fig.4. They can be drown anywhere within the wedge. Even at τi → −∞ and
τf → ∞, which represent the horizons. These space-like slices intersect the points
where the acceleration is turned on and off. The portion of Minkowski space the
Rindler observer has access to is bounded by the lines τi and τf . On the slice τi, a
Minkowski observer turns into a Rindler observer when the acceleration is turned on.
On the slice τf , it occurs in the other way around when the acceleration is turned
off.
τf
τi
-6 -4 -2 2 4 6 8
x
1
-5
5
x
0
Figure 4. Representation of the infinitely many loops in Minkowski space as in Fig.3,
relevant to a Rindler observer for the vacuum energy calculation.
The next step is to detach MR and its content from the rest of the space, Fig.5.
It will allow us more easily visualize the Rindler observer point of view. From Fig.5
we can see that in the calculation of ERvac we should take into account, in addition
to ER0 coming from the loops, the following open paths contributions:
10
τf
τi
Figure 5. Representation of the Rindler observer perspective of the vacuum processes.
The arrows represent the flow of time in the paths.
• All the paths going from the slice τi to the slice τi.
• All the paths going from the slice τf to the slice τf .
• All the paths going from the slice τi to the slice τf , and vice versa.
Note, that from the perspective of the Rindler observer, there are paths that
run backward in time. They represent real antiparticles.
This picture resembles4 the one described in Chapter 3 of [33]. However, in this
reference there is no mention to the real antiparticles in the Unruh radiation.
From Fig.5 we can conclude that there are real propagating particles and an-
tiparticles in Rindler space contributing to ERvac . Quoting [1], ... A more surprising
consequence arising from this picture is that the Unruh radiation is made of real
particles as well as real antiparticles... In fact, it is not difficult to infer this just by
inspecting the arrows in Fig.5.
Let us now, explain our interpretation of this quote. In Minkowski space, for
instance, the notion of virtual particle and antiparticle running in a loop can be
visualized as in Fig.6. The same loop from the Rindler perspective looks as in Fig
7. We emphasize that the loops (or paths) in this paper are representatives of the
infinitely many loops (or paths) passing by some given points in spacetime and they
do not represent the classical picture of several particles moving in loops.
To prove that (3.16) is the energy measured by a Rindler observer we have to
show that ER(open paths) is given by the Planck distribution with a temperature T =
1
2pi
.
In the next sections, after reviewing the quantization of the massless scalar field [1],
we will show that it is indeed the case.
4I would like to thank I. J. Araya for pointing out this reference.
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x0
x12
x11
τ1
τ=∞
ρ=ρ0
ρ=ρ1
ρ=ρ2
x02
x01
1 2 3 4 5 6
x1
-6
-4
-2
2
4
6
x0
x11
x12
Figure 6. Pictorial representation of a
virtual pair particle-antiparticle running
in a loop from the Minkowski observer per-
spective. The black arrows represent the
flow of time in the loops. The red arrows
represent the direction of the propagation
of the virtual pair particle-antiparticle. In
this pictures, on the one hand, a particle
creates at the point (x01, x
1
1), and propa-
gates forward in time to the point (x02, x
1
2).
On the other hand, a particle creates at
the point (x02, x
1
2), and propagates back-
ward in time to the point (x01, x
1
1). The
path running backward in time is inter-
preted as a virtual antiparticle by the
Minkowski observer.
τ=∞
τ=-∞
ρ=ρ0
ρ=ρ'0
ρ=ρ1ρ=ρ2
Figure 7. Pictorial representation of a
real pair particle-antiparticle running in
an open path (that belongs to a loop in
the whole space) from the Rindler ob-
server perspective. The black arrows
represent the flow of time in the paths.
The red arrows represent the direction of
the propagation of the real pair particle-
antiparticle. In this pictures, on the
one hand, a particle creates at the point
(τ1, ρ0)
(
or (−∞, ρ0) in the second Fig.
)
,
and propagates forward in time to the
point (∞, ρ1). On the other hand, a par-
ticle creates at the point (∞, ρ2), and
propagates backward in time to the point
(τ1, ρ0)
(
or (−∞, ρ′0) in the second Fig.
)
.
The path running backward in time is seen
as a real antiparticle by the Rindler ob-
server.
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4 Vacuum Energy
In this section we review the massless scalar field quantization in [1]. In this reference
a non-standard quantization was presented where, the field operator is subject to the
boundary conditions
ϕR(τi, ρ, x¯) = ϕM(x
0(τi, ρ), x
1(τi, ρ), x¯)
ϕR(τf , ρ, x¯) = ϕM(x
0(τf , ρ), x
1(τf , ρ), x¯), (4.1)
where (x0(τ, ρ), x1(τ, ρ)) are given in (2.13). The field ϕR at the initial and final
time is specified in the Rindler space. These are the slices (see Fig.2) that intersect
the points where the acceleration is turned on and off. In [34] similar boundary
conditions to (4.1) were considered, but in a different context. The operator ϕM is
known, it can be obtained from the solution of
ϕM(x0, x1, x¯) = 0, (4.2)
in the ordinary quantization in Minkowski space.
The scalar field action in the Rindler wedge τi < τ < τf reads
S = −1
2
∫ τf
τi
dτ
∫ ∞
0
dρ
∫ ∞
−∞
d2x
[
− ρ−1(∂τϕR)2 + ρ
(
(∂ρϕR)
2 + (∂x2ϕR)
2 + (∂x3ϕR)
2
)]
.
(4.3)
According to the variations δϕR(τi, ρ, x¯) = δϕR(τf , ρ, x¯) = 0, which are a consequence
of (4.1); and δϕR(τ, ρ, x¯) = 0, when ρ→∞ and x¯→ ±∞, from δS = 0, we get the
equation of motion
ϕR(τ, ρ, x¯) = 0. (4.4)
Here, as in ordinary canonical quantization we impose the equal time commutation
relation, [
ϕR(τ, ρ, x¯),ΠR(τ, ρ, x¯
′)
]
= ρ−1δ(ρi − ρf )δ2(x¯− x¯′), (4.5)
with, ΠR = ρ
−1∂τϕR.
The general solution of (4.2) is
ϕM(x
0, x1, x¯) =
∫ ∞
−∞
dk1
2pi
∫ ∞
−∞
d2k
(2pi)2
1
(2k0)
1
2(
a(k1,k¯)e
−i(k0x0+k1x1+k¯·x¯) + a†
(k1,k¯)
ei(k0x
0+k1x1+k¯·x¯)
)
. (4.6)
In Rindler space the general solution of (4.4) reads [2]
ϕR(τ, ρ, x¯) =
∫ ∞
0
dν
∫ ∞
−∞
d2k
(2pi)2
1
(2ν)
1
2
(
b(ν,−k¯)e
−iντ + b†
(ν,k¯)
eiντ
)
ψν,k¯(ρ)e
ik¯·x¯, (4.7)
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with k0 = (k
2
1 + |k¯|2)
1
2 , and ψν,k¯(ρ), the normalized eigenfunctions of the equation(
ρ2
d2
dρ2
+ ρ
d
dρ
− |k¯|2ρ2 + ν2
)
ψν,k¯(ρ) = 0, ψν,k¯(ρ) = pi
−1(2νsinh(piν)) 12Kiν(|k¯|ρ),
(4.8)
where Kiν(|k¯|ρ), are the modified Bessel function of the second kind. After imposing
(4.1) we get the equations
e−iντib(ν,−k¯) + e
iντib†
(ν,k¯)
= (2ν)
1
2
∫ ∞
0
dρ
∫ ∞
−∞
d2x
ψν,k¯(ρ)
ρ
e−ik¯·x¯ϕM(τi, ρ, x¯), (4.9)
and
e−iντf b(ν,−k¯) + e
iντf b†
(ν,k¯)
= (2ν)
1
2
∫ ∞
0
dρ
∫ ∞
−∞
d2x
ψν,k¯(ρ)
ρ
e−ik¯·x¯ϕM(τf , ρ, x¯) (4.10)
where we are using the short hand notation
ϕM(τ, ρ, x¯) = ϕM(x
0(τ, ρ), x1(τ, ρ), x¯). (4.11)
Solving for b and b† we get
b(ν,k¯) = −i
(2ν)
1
2
2sin
[
ν(τf − τi)
] ∫ ∞
0
dρ
∫ ∞
−∞
d2x
ψν,k¯(ρ)
ρ
eik¯·x¯
[
(4.12)
eiντfϕM(τi , ρ
′, x¯′)− eiντiϕM(τf , ρ′, x¯′)
]
.
The vacuum energy ERvac in Rindler space is given by (A.26)
ERvac =
∫ ∞
−∞
d2k
(2pi)2
∫ ∞
0
dνν〈0|b†
(ν,k¯)
b(ν,k¯)|0〉 + ER0 , (4.13)
where
ER0 =
1
2
δ(0)3
∫ ∞
−∞
d2k
∫ ∞
0
dνν, (4.14)
is the contribution of the loops inside the Rindler space, as discussed in section 3, see
also appendix A. This contribution most of the time is discarded. Plugging (4.12)
into (4.13) we get
ERvac =
∫ ∞
−∞
d2k
(2pi)2
∫ ∞
0
dν
ν2
2
(
sin[ν(τf − τi)]
)2
×
∫ ∞
0
dρ
∫ ∞
−∞
d2x
ψν,k¯(ρ)
ρ
e−ik¯·x¯ ×
∫ ∞
0
dρ′
∫ ∞
−∞
d2x′
ψν,k¯(ρ
′)
ρ′
eik¯·x¯
′
[
〈0|ϕM(τi, ρ, x¯)ϕM(τi , ρ′, x¯′)|0〉+ 〈0|ϕM(τf , ρ, x¯)ϕM(τf , ρ′, x¯′)|0〉
− e−iν(τf−τi)〈0|ϕM(τi, ρ, x¯)ϕM(τf , ρ′, x¯′)|0〉− e+iν(τf−τi)〈0|ϕM(τf , ρ, x¯)ϕM(τi, ρ′, x¯′)|0〉
]
+ ER0 . (4.15)
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Using the identifications (2.2) and (2.3), in term of world line path integrals we
can rewrite (4.15) as
ERvac =
∫ ∞
−∞
d2k
(2pi)2
∫ ∞
0
dν
ν2
2
(
sin[ν(τf − τi)]
)2 ∫ d3yd3y′√−g(y)gττ (y)√−g(y′)gττ (y′)∫ ∞
0
ds
[(
ψν,k¯(ρ)e
−i(ντi+k¯·x¯)
)∫ y(1)∈Σi
y(0)∈Σ′i
[Dyµ]exp
[
i
1
4s
∫ 1
0
dσ y˙2(σ)
](
ψν,k¯(ρ
′)e+i(ντi+k¯·x¯
′)
)
+
(
ψν,k¯(ρ)e
−i(ντf+k¯·x¯)
)∫ y(1)∈Σf
y(0)∈Σ′f
[Dyµ]exp
[
i
1
4s
∫ 1
0
dσ y˙2(σ)
](
ψν,k¯(ρ
′)e+i(ντf+k¯·x¯
′)
)
−
(
ψν,k¯(ρ)e
+i(ντi+k¯·x¯)
)∫ y(1)∈Σ′i
y(0)∈Σf
[Dyµ]exp
[
i
1
4s
∫ 1
0
dσ y˙2(σ)
](
ψν,k¯(ρ
′)e−i(ντf+k¯·x¯
′)
)
−
(
ψν,k¯(ρ)e
+i(ντf+k¯·x¯)
)∫ y(1)∈Σf
y(0)∈Σ′i
[Dyµ]exp
[
i
1
4s
∫ 1
0
dσ y˙2(σ)
](
ψν,k¯(ρ
′)e−i(ντi+k¯·x¯
′)
)
+ i
1
2
1
V1
1
s
∫
PBC
[Dyµ]exp
[
i
1
4s
∫ 1
0
dσ y˙2(σ)
]]
. (4.16)
The last term is the loop contribution ER0 . The rest of the terms are the open
path, real particle and real antiparticle, contributions as represented in Fig.5, and Σ
represents a particular space-like slice.
According to the sign convention for the energy, we consider that:
• A particle can be equivalently represented as:
1. a state with positive energy ν > 0 which is created at τi and propagates
forward in time to τf ,
2. a state with negative energy ν < 0 which is created at τf and propagates
backward in time to τi;
• An antiparticle can be equivalently represented as:
1. a state with negative ν < 0 which is created at τi and propagates forward
in time to τf ,
2. a state with positive energy ν > 0 which is created at τf and propagates
backward in time to τi.
So, the fourth line of (4.16) corresponds to the processes associated with particles
while the fifth line corresponds to the processes associated with antiparticles.
Notice, that the open path contributions in (4.16) are written as transitions
amplitudes between all initial and final states in the Rindler wedge. These are
definite momentum on-shell states, i.e., they satisfy
R
(
ψν,k¯(ρ)e
−i(ντi+k¯·x¯)) = 0. (4.17)
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From equation (4.16) there is no room for doubt that the open paths that contribute
to the vacuum energy from the Rindler perspective are those listed en section 3.
In what follows we are going to show that (4.15) or (4.16) coincides with the
thermal distribution.
4.1 Vacuum energy distribution
To show that (4.15) coincides with the thermal distribution we will explicitly compute
the integral∫ ∞
0
dρ
∫ ∞
−∞
d2x
ψν,k¯(ρ)
ρ
e−ik¯·x¯ ×
∫ ∞
0
dρ′
∫ ∞
−∞
d2x′
ψν,k¯(ρ
′)
ρ′
eik¯·x¯
′
×〈0|ϕM(τi, ρ, x¯)ϕM(τf , ρ′, x¯′)|0〉, (4.18)
this is one of the constituents of (4.15). Plugging (4.6) and ψν,k¯(ρ) from (4.8) in
(4.18), and considering that the Minkowski vacuum satisfies
a(p′1,p¯′)|0〉 = 0, (4.19)
and taking into account[
a(p1,p¯) , a
†
(p′1,p¯′)
]
= (2pi)3δ(p1 − p′1)δ2(p¯− p¯′), (4.20)
we get
2ν
pi
sinh(piν)δ2(0)
∫ ∞
−∞
dp
1√
p2 + |k¯|2
×
∫ ∞
0
dρ
Kiν(|k¯|ρ)
ρ
exp
[
− iρ(√p2 + |k¯|2 sinh(τi) + p cosh(τi))]
×
∫ ∞
0
dρ′
Kiν(|k¯|ρ′)
ρ′
exp
[
iρ′
(√
p2 + |k¯|2 sinh(τf ) + p cosh(τf )
)]
. (4.21)
The integrals in (4.21) can be reduced by means of the change of variable
p = |k¯|sinh(z), (4.22)
to
2ν
pi
sinh(piν)δ2(0)
∫ ∞
−∞
dz
×
∫ ∞
0
dρ
Kiν(|k¯|ρ)
ρ
exp
[
− iρ|k¯|sinh(z + τi)
]
×
∫ ∞
0
dρ′
Kiν(|k¯|ρ′)
ρ′
exp
[
iρ′|k¯|sinh(z + τf )
]
. (4.23)
Notice that we can rescale, ρ→ |k¯|−1ρ, and ρ′ → |k¯|−1ρ′, to eliminate the |k¯| depen-
dence in (4.23). For |k¯| = 0, however, extra care is needed. From the asymptotic
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expansion [36] of Kiν(|k¯|ρ), we can see that the integration is independent of |k¯| when
|k¯| → 0. For the massive scalar field, the calculation presented here is similar but
with (p2 + |k¯|2)→ (p2 + |k¯|2 +m2), and this precaution is not needed.
The remaining integrals in ρ and ρ′ in (4.23) can be straightforwardly computed
by using some Laplace transformation table. After some algebra we have
pi
2νsinh(piν)
δ2(0)
∫ ∞
−∞
dz
(
eiν(τf−τi)(i)−2iν + e−iν(τf−τi)(i)2iν
+ eiν(2z+τi+τf ) + e−iν(2z+τi+τf )
)
. (4.24)
The two term in the second line of (4.24) contribute with a Dirac delta function
δ(ν), after integration in z. They can be discarded because of we are removing
the zero mode ν = 0. After some algebra we can see that choosing the branches
(i)−2iν = (i)2iν = e−piν , we obtain
2pi
ν
1
e2piν − 1cos
[
ν(τf − τi)
]
δ2(0)
∫ ∞
−∞
dz. (4.25)
Plugging (4.25) into (4.15), we get
ERvac =
∫ ∞
−∞
d2k
(2pi)2
∫ ∞
0
dν
2pi
ν
e2piν − 1V3 + E
R
0 ,
where V3, is the volume of space and we used (3.3). This concludes the proof that the
vacuum energy measured by a Rindler observer contains open path contributions and
is given by the Planck distribution. We emphasize that some of these paths represent
real antiparticles. By contemplating the possibility of detecting the antiparticles in
the radiation, the quest for the Unruh radiation could be expanded.
5 Experimental Detection
In this section we shall describe schematically and qualitatively a new type of exper-
iment to detect the Unruh effect. We will exploit the presence of antiparticles in the
Unruh radiation. This is a fact that has not been used to detect the effect, and has
not been reported in the literature so far.
The main feature that leads to the Unruh effect is that the observer is a classical
object and a definite trajectory can be associated to it. For the uniformly accelerated
observer this trajectory in Minkowski spacetime coordinates is
(x1)2 − (x0)2 = 1
a2
. (5.1)
According to what we have exposed here, any observer moving along (5.1) will be
able to see real antiparticles.
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Unfortunately to detect the effect exploiting the presence of antiparticles in the
radiation we have to work with quantum particles as observers. We will consider
“scalar” electrons. It is known that it is impossible to assign a classical trajectory
to electrons, so strictly speaking an electron will never be a Rindler observer in a
classical sense. Despite this fact, under the influence of a constant electric field we
can have a notion of localized particle5, and associate to it the classical trajectory
(5.1).
The main idea is that when accelerate an electron in a constant electric field,
this particle becomes a Rindler observer. As it becomes a Rindler observer it should
be able to experience the vacuum fluctuations inside the Rindler wedge as real pairs
particle-antiparticle. If the accelerated electron meets a positron, coming from the
vacuum fluctuations, they will annihilate each other emitting a photon. The other
electron in the pair could be detected at some particle detector placed at some
distance from the emitter. Knowing the distance from the emitter to the detector
allows us to know the travel time for the accelerated particle to get the detector.
Now we can correlate the detection time of the electron with the photon detection
and three situations might occur.
1. The travel time from the emitter to the detector is the expected and no photon
is detected Fig.8. In this case the electron did not interact with the vacuum.
detection
2 4 6 8 10
x1
2
4
6
8
10
x0
E
e-
Figure 8. The emitter is at x1 = 2 and the detector is at x1 = 8 and in between a
constant electric field E. The blue line is the electron trajectory. The thin dashed black
line represents the detection time.
2. The travel time is less than the expected and one photon is detected Fig.9. In
this case there is an apparent violation of causality because from the detector
perspective the electron traveled faster than light.
5In reference [32] there is a proof that suggests that an “scalar” electron moving in a constant
electric field propagates almost as a classical particle.
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detection
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Figure 9. The emitter is at x1 = 2 and the detector is at x1 = 8 and in between a
constant electric field E. The blue line is the electron trajectory. The red straight, curved
and wavy lines represent the positron, the electron and the photon respectively. The thin
dashed black line represents the detection time, notice that it is smaller than the expected
detection time in the previous figure. The dashed red line is the path that would have
completed the loop if the electron had not been annihilated with the positron of the pair.
3. One photon is detected and no electron is detected Fig.10. In this case there
is a apparent violation of the energy and charge conservation.
2 4 6 8 10 12
x1
-10
-5
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10
x0
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e- e-e
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γ
Figure 10. The emitter is at x1 = 2 and the detector is at x1 = 8 and in between a
constant electric field E. The blue line is the electron trajectory. The red straight lines
represent the pair electron-positron and the wavy line the photon. No electron detection
in this case. The dashed red line is the path that would have completed the loop if the
electron had not been annihilated with the positron of the pair.
Notice that this experiment has to be performed in a regimen where the electric
field is strong enough but still below the threshold were spontaneous pairs creations
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happens. In other words, we have to avoid the Schwinger effect. Since such creating
Schwinger effect intense field does not exist yet at the current laboratories there will
not be room for misinterpreting the out coming data in the experiment.
The aim of this experiment is creating a similar setup as when Hawking radiation
is emitted [15], but in flat space. The detector, which is a Minkowski observer, will
describe a similar situation of an observer at r → ∞ from the horizon of a black
hole, as described in [15]. With some caution the work in [15] can be interpreted as:
a pair particle-antiparticle creates and one falls into the black hole and is annihilated
at the singularity, allowing the other to scape.
In this proposal the “particle annihilator” that makes possible to measure parti-
cles at the detector is the blue electron, Fig.8 - Fig.10 . Of course the main difference
is that here all the processes occur in the Rindler wedge (although, the processes
might occur very close to the Rindler horizon) and there is no singularity in this
space. If we believe in the picture presented in [15], there is no reason for not be-
lieving in the picture presented here for this experiment.
In the figures Fig.8 - Fig.10 we have described a simplified version of the processes
occurring inside the Rindler wedge. We think that the processes could also occur in
a chain reaction way, i.e., once the blue electron annihilates with the positron the
red electron in the pair will do the same over and over until the last one is detected
as in Fig.11.
detection
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Figure 11. Chain reaction of the accelerated blue electron with the vacuum.
This is going to cause the emission of several photons. From the classical-
Minkowski observer point of view (in this case the photon detector) these processes
might look as Bremsstrahlung.
6 Conclusions
In this work we have expanded the proposal of [1], highlighting the presence of
antiparticles in the Unruh radiation. The perspective of the Minkowski and Rindler
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observer about the vacuum processes have been presented in detail. The picture in
[1] that allows to visualize the vacuum processes has been put in correspondence
with the quantization in Rindler space, with the boundary conditions (4.1). For this,
after reviewing the quantization in the mentioned refence, we made the connection
between the vacuum energy in Rindler space ERvac, and the world line path integral
representation of the one loop partition function (2.2), and the propagator (2.3).
This representation is precisely what allows us to extract the interpretation of the
Fig.5, from the result (4.15).
Special attention has been paid to the antiparticles in the radiation. In this
paper we have described a new kind of experiment to confirm the Unruh effect by
detecting the antiparticles in the radiation. Although for this experiment we would
need to perform very precise measurements of time, for instance, as described in
Fig.9, we would not need the enormous acceleration predicted by some models of
detectors. In fact, in order to get some reliable data we should keep the electric field,
which is proportional to the acceleration, as low6 as possible to avoid the Schwinger
effect.
As usual, nothing comes for free. Confirming the Unruh effect by means of the
antiparticles would be good news! However, one question inevitably arises from this
picture. How the red electron in Fig.9 knows that the red positron in the pair has
interacted with the blue electron, and after that it should become a real particle,
and emerge to the eyes of the Minkowski observer. Of course, these two particles are
entangled. Answering this question would be equivalent to finding the mechanism
that makes the quantum entanglement possible and allows “instantaneous commu-
nications”. This mechanism is not kwon yet but, we hope that by further exploring
the approach presented in this work, both theoretically and experimentally, we will
get a better understanding of it.
There is a resemblance between the experiment described here and the picture
presented in reference [15] by Hartle and Hawking, which explains how a black hole
radiates. In this reference the world line path integral in the Schwarzschild geometry
was solved by the saddle point approximation. In this approximation, the solution
of the classical equation of motion is a path connecting the singularity and a point
at some distance from the horizon. This kind of path resembles the (red) electron-
positron trajectory in a pair depicted in Fig.9 and Fig.10.
These similarities could be further exploited. In fact, according to what has been
exposed in this paper, from the perspective of a Minkowski observer an accelerated
electron should radiate (photons but also electrons), in a similar way a black hole
radiates particles to infinity. Moreover, taking as a guide [15], we could derivate the
electron radiance. Interestingly enough, for some set of initial and final points [37]
6Low, here refers to, E < Ecrit, where spontaneous pairs creations does not occurs.
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in the Rindler wedge, under the influence of a constant electric field the solution of
the classical equation of motion describes trajectories as in Fig.9 and Fig.10.
For sure, confirming these observations, in connection with [15], would be an step
forward in our understanding, although, perhaps the origin of the Hawking radiation
will remain a mystery. However, we believe that with the current technology, an
experiment based on what has been described in section 5 could be designed, and
finally the Unruh effect could be tested.
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A Quantization
In this appendix we briefly review the quantization of the scalar field in Minkowski
and Rindler space. We compute the vacuum energy using the Hamiltonian operator
and then we compare the result obtained from the one loop partition function. The
one loop partition function is not explicitly computed but we used the fact that the
Schro¨dinger kernel satisfies the equation
i∂sK = −1
2
yK. (A.1)
The action in the Minkowski space is given by
S =
1
2
∫ ∞
−∞
d4x
[
(∂x0ϕM)
2 − (∂x1ϕM)2 − (∂x2ϕM)2 − (∂x3ϕM)2
)]
, (A.2)
and the Hamiltonian
H =
1
2
∫ ∞
−∞
d3x
[
(∂x0ϕM)
2 + (∂x1ϕM)
2 + (∂x2ϕM)
2 + (∂x3ϕM)
2
)]
. (A.3)
The equation of motion
∂x0∂x0ϕM − ∂x1∂x1ϕM − ∂x2∂x2ϕM − ∂x3∂x3ϕM = 0, (A.4)
where we take the variations of the action restricted as
δϕM(x
0 → ±∞, x1 → ±∞, x2 → ±∞, x3 → ±∞) = 0, (A.5)
which is a consequence of the boundary conditions
ϕM(x
0 → ±∞, x1 → ±∞, x2 → ±∞, x3 → ±∞) = 0. (A.6)
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The general solution of the equation of motion can be written as
ϕM(x
0, x1, x¯) =
∫ ∞
−∞
dk1
2pi
∫ ∞
−∞
d2k
(2pi)2
1
(2k0)
1
2(
a(k1,k¯)e
−i(k0x0+k1x1+k¯·x¯) + a†
(k1,k¯)
ei(k0x
0+k1x1+k¯·x¯)
)
, (A.7)
Imposing the equal time canonical commutation relation[
ϕM(x
0, x1, x¯), ∂x0ϕM(x
0, x1′, x¯′)
]
= δ(x1 − x1′)δ2(x¯− x¯′),
we find that the operators a(k1,k¯) and a
†
(k1,k¯)
satisfy[
a(k1,k¯), a
†
(k′1,k¯′)
]
= (2pi)3δ(k1 − k′1)δ2(k¯ − k¯′). (A.8)
Using the equation of motion (A.4) and the boundary conditions (A.6) the Hamilto-
nian can be written as
HM =
1
2
∫ ∞
−∞
d3x
[
∂x0ϕM∂x0ϕM − ϕM∂x0∂x0ϕM
]
. (A.9)
After plugging (A.7) in the Hamiltonian we obtain
HM =
∫ ∞
−∞
d3k
(2pi)3
k0 a(k1,k¯) a
†
(k1,k¯)
+ EM0 , (A.10)
where
EM0 =
1
2
δ(0)3
∫ ∞
−∞
d3kk0, (A.11)
where k0 =
(
k21 + |k¯|2
) 1
2 .
Alternatively the vacuum energyEM0 can be computed by means of the Schro¨dinger
kernel in Minkowski space. The solution of (A.28), in Minkowski space, with the
boundary condition
K(x, x′, s)
∣∣
s→±∞ = 0, (A.12)
is given by
KM(x, x
′, s) =
∫ ∞
−∞
d4k
(2pi)4
eikµ(x−x
′)µei(−k
2
0+k
2
1+|k¯|2) s2 . (A.13)
To see that (A.13) satisfies the boundary conditions (A.12), we can use the integrated
form of the Kernel, i.e.,
KM(x, x
′, s) =
1
(2piis)2
ei
1
4s
(x−x′)µ(x−x′)µ . (A.14)
Using the relation
EM0 = i
1
2
1
V1
∫ ∞
0
ds
s
∫
d4xKM(x, x, s), (A.15)
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with (A.13) we get exactly (3.6) and hence (3.1).
Let us move now to the quantization in Rindler space. The action in the Rindler
patch is given by
S =
1
2
∫ τf
τi
dτ
∫ ∞
0
dρ
∫ ∞
−∞
d2x
[
ρ−1(∂τϕR)2 − ρ
(
(∂ρϕR)
2 + (∂x2ϕR)
2 + (∂x3ϕR)
2
)]
,
(A.16)
and the Hamiltonian
HR =
1
2
∫ ∞
0
dρ
∫ ∞
−∞
d2x
[
ρ−1(∂τϕR)2 + ρ
(
(∂ρϕR)
2 + (∂x2ϕR)
2 + (∂x3ϕR)
2
)]
. (A.17)
The equation of motion takes the simple form
ρ−1∂τ∂τϕR − ∂ρ(ρ∂ρϕR)− ρ
(
∂x2∂x2ϕR + ∂x3∂x3ϕR
)
= 0, (A.18)
where the variations of the action are restricted according to
δϕR(τi, ρ, x¯) = δϕR(τf , ρ, x¯) = 0, (A.19)
and
δϕR(τ, ρ→∞, x¯→ ±∞) = 0, (A.20)
which is a consequence of the boundary conditions
ϕR(τi, ρ, x¯) = ϕM(x
0(τi, ρ), x
1(τi, ρ), x¯),
ϕR(τf , ρ, x¯) = ϕM(x
0(τf , ρ), x
1(τf , ρ), x¯), (A.21)
and
ϕR(τ, ρ→∞, x¯→ ±∞) = 0. (A.22)
The general solution of the equation of motion can be written as
ϕR(τ, ρ, x¯) =
∫ ∞
0
dν
∫ ∞
−∞
d2k
(2pi)2
1
(2ν)
1
2
(
b(ν,−k¯)e
−iντ + b†
(ν,k¯)
eiντ
)
ψν,k¯(ρ)e
ik¯·x¯. (A.23)
Imposing the canonical commutation relation[
ϕR(τ, ρ, x¯), ρ
−1∂τϕR(τ, ρ′, x¯′)
]
= ρ−1δ(ρi − ρf )δ2(x¯− x¯′),
we find that the operators b(ν,−k¯) and b
†
(ν,k¯)
satisfy[
b(ν,−k¯), b
†
(ν′,k¯′)
]
= (2pi)2δ(ν − ν ′)δ2(k¯ + k¯′). (A.24)
Using the equation of motion (A.18) and the boundary conditions (A.22) the Hamil-
tonian can be written as
HR =
1
2
∫ ∞
0
dρ
ρ
∫ ∞
−∞
d2x
[
∂τϕR∂τϕR − ϕR∂τ∂τϕR
]
. (A.25)
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Plugging (A.23) in the Hamiltonian and using (A.24) we get the familiar form
HR =
∫ ∞
−∞
d2k
(2pi)2
∫ ∞
0
dννb(ν,k¯) b
†
(ν,k¯)
+ ER0 , (A.26)
where
ER0 =
1
2
δ(0)3
∫ ∞
−∞
d2k
∫ ∞
0
dνν. (A.27)
The vacuum energy can be computed as in (4.13).
Alternatively we can use the fact that we know how to solve the equation
i∂sK(y, y
′, s) = −1
2
yK(y, y′, s), (A.28)
in Rindler space, and compute the vacuum energy by means of
ERvac = i
1
2
1
V1
∫ ∞
0
ds
s
∫ τf
τi
dτ
∫
d3y¯
√
−g(y)gττ (y)K(y, y, s), (A.29)
where yµ(τ, y¯) = (τ, ρ, x2, x3), the metric is (2.11) and V1 =
∫ τf
τi
dτ .
Let us now computed ERvac using (A.29). From the naive choice of the solution
of the equation (A.28),
K(y, y′, s) =
∫ ∞
−∞
dν0
2pi
∫ ∞
0
dν
∫ ∞
−∞
d2k
(2pi)2
eiν0(τ−τ
′)ψν,k¯(ρ)ψν,k¯(ρ
′)eik¯·(x¯−x¯
′)ei(−ν
2
0+ν
2) s
2 .
(A.30)
we get only the contribution ER0 , as we described in section 2. To get the full
contribution to the vacuum energy we have to take into account that in the overlap
between the Rindler patch and Minkowski space the kernel is the same. It means
that from the Rindler perspective the solution of (A.28) has to satisfy, in addition to
K(y, y′, s)
∣∣
s→±∞ = 0, (A.31)
the boundary conditions
KR(y, y
′, s)
∣∣
τi
= KM(x(y), x
′(y′), s)
∣∣
τi
,
KR(y, y
′, s)
∣∣
τf
= KM(x(y), x
′(y′), s)
∣∣
τf
. (A.32)
We have used the subscripts R and M to distinguish the Schro¨dinger kernel in Rindler
and Minkowski space,
x(y) =

x0(τ, ρ) = ρ sinh(τ)
x1(τ, ρ) = ρ cosh(τ)
x¯ = x¯
and KM(x, x
′, s) in given in (A.13).
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To solve (A.28) with (A.32) we proceed in a similar way as in the section 4. We
write the general solution as
KR(y, y
′, s) =
∫ ∞
0
dν0
2pi
∫ ∞
0
dν
∫ ∞
−∞
d2k
(2pi)2
(
α eiν0(τ−τ
′) + β eiν0(τ−τ
′)
)
(A.33)
ψν,k¯(ρ)ψν,k¯(ρ
′)eik¯·(x¯−x¯
′)ei(−ν
2
0+ν
2) s
2 .
Where α and β are two constants that we determine upon imposing (A.32). After a
very long algebra7 one finds that these two constants do not depend on τi and τf ,
α = β = coth(piν). (A.34)
So, the proper Schro¨dinger kernel in Rindler space is
KR(y, y
′, s) =
∫ ∞
−∞
dν0
2pi
∫ ∞
0
dν
∫ ∞
−∞
d2k
(2pi)2
coth(piν) (A.35)
eiν0(τ−τ
′)ψν,k¯(ρ)ψν,k¯(ρ
′)eik¯·(x¯−x¯
′)ei(−ν
2
0+ν
2) s
2 .
This kernel can be written as
KR(y, y
′, s) =
∫ ∞
−∞
dν0
2pi
∫ ∞
0
dν
∫ ∞
−∞
d2k
(2pi)2
( 2
e2piν − 1 + 1
)
(A.36)
eiν0(τ−τ
′)ψν,k¯(ρ)ψν,k¯(ρ
′)eik¯·(x¯−x¯
′)ei(−ν
2
0+ν
2) s
2 .
It is not difficult to compute the vacuum energy from (A.36). Plugging it in
(A.29), taking into account the orthogonality of the functions ψν,k¯(ρ) and (3.3), and
(3.5), we get
ERvac =
∫ ∞
−∞
d2k
(2pi)2
∫ ∞
0
dν
2pi
ν
e2piν − 1V3 + E
R
0 . (A.37)
We have already shown in section 4 that the thermal contribution to the vacuum
energy (A.37) comes from the open paths starting and ending at the horizons or
boundaries.
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